In this paper, a comparison is provided between liquid-liquid and liquid-solid partitioning systems applied to the removal of high concentrations of 4-nitrophenol. The target compound is a typical representative of substituted phenols found in many industrial effluents while the biomass was a mixed culture operating as a conventional Sequencing Batch Reactor and acclimatized to 4-nitrophenol as the sole carbon source. Both two-phase systems showed enhanced performance relative to the conventional single phase bioreactor and may be suitable for industrial application.
INTRODUCTION
Substituted phenols in industrial wastewater originate from many different sources such as coal conversion processes, coke ovens, petroleum refineries and petrochemical industries, resin and fiberglass manufacturing and herbicide production. Concentrations detected in these effluents are quite high ranging from 10 to 17·10 3 mg/L while the related biodegradable COD fraction varies from 40 to 80% of the total COD. Moreover, because of their toxicity to humans and aquatic life (1 mg/L is enough to detect the effects) they are included in the USEPA list of priority pollutants.
An extremely promising technology for the removal of phenolic compounds and other xenobiotics is based on the use of two phase partitioning bioreactors (TPPBs) whose main function is to reduce substrate toxicity to the biomass (Deziel et al. 1999; Marcoux et al. 2000; Daugulis 2001 ).
The operating principle involves the partitioning of the toxic substrate between the aqueous phase containing the micro-organisms and a sequestering phase which is comprised of either an immiscible organic solvent or a solid phase consisting of polymer beads. This configuration allows control of substrate delivery (to the aqueous phase)
that is determined by the microbial degradation kinetics and the maintenance of thermodynamic equilibrium within the two-phase system.
Both liquid-liquid and liquid-solid TPPB systems have been successfully investigated for xenobiotic removal and destruction and the optimal choice between the two alternatives has to be evaluated for each specific case doi: 10.2166/wst.2010.922 (Prpich & Daugulis 2005; Muñ oz et al. 2008; Tomei et al. , 2009 
MATERIALS AND METHODS

Bacterial culture
A mixed culture previously acclimatized to 4NP as the sole carbon source was used in the experiments. The original biomass inoculum was a mixed liquor sample from a full scale urban wastewater treatment plant; the details of the acclimatization procedure are reported in previous papers (Tomei et al. 2003) . More details on the operating conditions of the SBR are reported elsewhere .
Kinetic tests
Batch kinetic tests were conducted using the biomass from the SBR reactor; in order to compare the performance of the two removal processes, kinetic tests were carried out in parallel in single and two phase systems. Temperature was controlled at 20^0.58C, while 4NP and biomass concentration were in the range of 300-500 mg/L and 1,500 -2,700 mg VSS/L respectively. The aqueous phase volume was 200 ml. In the liquid-liquid system the solvent/water ratio was 10% (v/v) while in the solid-liquid system the polymer/water ratio was 5% (w/w).
Before the biomass addition the 4NP solution was kept in contact with the partitioning phase under mixing conditions for 20 min and 24 h with the solvent and the polymer, respectively, to ensure equilibrium conditions.
In all tests the 4NP concentration during the reaction phase was measured at fixed time intervals of , 10 -15 min until a 4NP concentration value # 1 mg/L was detected.
VSS were measured at longer time intervals of 20 -30 min.
Regeneration tests
To evaluate the capacity of the biomass for polymer bioregeneration fixed aliquots of polymers (1 g 
MODELLING
The 4NP degradation rate was modelled by the Haldane equation which is commonly utilized for substrate inhibited kinetics:
where X and C are the biomass and substrate concentration, respectively. In order to have an equation with more representative parameters in relation to the process kinetics, the Haldane equation was rearranged in a different form:
In Equation (2) 
is the substrate concentration at which the maximum removal rate occurs, k max is the maximum removal rate observed at C ¼ C p and
is a parameter that accounts for the extent of the inhibitory effects. The procedure to derive Equation (2) from Equation (1) is reported in .
In modelling the two phase batch systems the substrate mass balance equations in both phases, the kinetic Equation (reported above) and the substrate transfer between the two phases are considered.
In Table 1 the model equations for both solvent and polymer as partitioning phases are listed.
For the liquid-liquid system, a mean substrate concentration in the organic phase is assumed and the substrate transfer rate is described by an overall mass transfer coefficient. For the liquid-solid system a radial distribution of the substrate concentration is considered within the spherical polymer bead and unsteady diffusion inside the 
simplified form assuming equilibrium conditions. Symbols in table: Vw, aqueous phase volume; Vorg, organic phase volume; C, substrate concentration; K ws , mass transfer coefficient; a, specific surface area referring to the aqueous phase; r, radial coordinate; R, polymer bead radius; P, partition coefficient; D, substrate diffusion coefficient in the polymer phase; r S , substrate degradation rate. Subscripts: w, aqueous phase; org, organic phase; P, polymer phase. A t R value of a few hours for both systems is evaluated based on the kinetic parameters reported in a previous paper (Tomei et al. 2003) and average operating conditions In both two phase cases, a significant reduction of substrate concentration to which the biomass is exposed can be observed with a consequent increase of the removal rate. The effect seems more evident in the solid-liquid system where a faster substrate removal is observed.
Nevertheless, in the presence of polymers the rapid concentration decrease in the aqueous phase could be also due to the slow substrate release from the polymer beads, as expected from the comparison of the characteristic times reported above.
The best performance for the solid-liquid systems is observed with HytrelY showing higher partition efficiency in comparison with ToneY. This is shown clearly in Figure 2 where the greatest initial concentration decrease is observed for HytrelY (from 500 to 143 and from 500 to 335 mg/L 4NP for HytrelY and ToneY respectively) followed by a faster removal from the liquid phase Another aspect that can justify this approach is that, in the batch systems utilized in the experiments, the substratebiomass contact is instantaneous being the most favourable condition to induce adsorption and storage. In actual fed batch systems the feed phase time can be properly chosen to ensure gradual substrate-biomass contact thus minimizing the lag phase effect.
With regard to the liquid-liquid system, a detailed analysis is reported in a previous paper ; in the present study we are verifying that the simplified model accounting for thermodynamic equilibrium between aqueous and organic phases, is able to predict the behaviour of a batch liquid-liquid system, once the kinetic parameters are known. Table 2 ).
All of the preceding results suggest that the contact time required to remove the xenobiotic in the solid phase is longer than that necessary to reduce the concentration in the aqueous phase to acceptable values. Therefore the contact time is a factor to be closely considered in a TPPBs operating with polymers. As an alternative, in order to avoid excessively long contact times, a periodic polymer regeneration step can be considered. Preliminary bioregeneration tests, whose results are reported in 
